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Summary
Little is currently known on the microbial popula-
tions colonizing the sheep large intestine, despite
their expected key role in host metabolism, physiol-
ogy and immunity. This study reports the ﬁrst char-
acterization of the sheep faecal microbiota
composition and functions, obtained through the
application of a multi-omic strategy. An optimized
protocol was ﬁrst devised for DNA extraction and
ampliﬁcation from sheep stool samples. Then, 16S
rDNA sequencing, shotgun metagenomics and shot-
gun metaproteomics were applied to unravel taxon-
omy, genetic potential and actively expressed
functions and pathways respectively. Under a taxo-
nomic perspective, the sheep faecal microbiota
appeared globally comparable to that of other rumi-
nants, with Firmicutes being the main phylum. In
functional terms, we detected 2097 gene and 441
protein families, ﬁnding that the sheep faecal micro-
biota was primarily involved in catabolism. We inves-
tigated carbohydrate transport and degradation
activities and identiﬁed phylum-speciﬁc pathways,
such as methanogenesis for Euryarchaeota and ace-
togenesis for Firmicutes. Furthermore, our approach
enabled the identiﬁcation of proteins expressed by
the eukaryotic component of the microbiota. Taken
together, these ﬁndings unveil structure and role of
the distal gut microbiota in sheep, and open the way
to further studies aimed at elucidating its connec-
tions with management and dietary variables in
sheep farming.
Introduction
Sheep farming is widespread worldwide for the purpose
of meat, milk, skin and/or wool production. According to
the speciﬁc productive purpose, farmers select sheep
breeds and, traditionally, efforts are continuously made
to improve physical/genetic traits that, in turn, ameliorate
the production performances.
Regardless of the genetic background and of the pro-
duction purpose, a correct nutritional management plays
a crucial role in warranting healthy and fertile sheep and
productive dairy ewes. Sheep are grazers and eat a vari-
ety of plants, including grass, clover and weeds. In addi-
tion to pasture grazing, sheep are generally fed with hay
and a controlled amount of grain. As for other dairy rumi-
nants, energy stored in plant matter is eventually con-
verted to protein food products (i.e., milk and meat) after
a complex digestive process. The plant mass is ﬁrst fer-
mented by the ruminal microbial communities, and a
large part of the organic matter is then degraded and
partially adsorbed in the sheep four-chambered stomach.
Bacteria involved in this process have a widest range of
biochemical activities enabling digestion of cellulose,
hemicellulose, starch and proteins. While storage
polysaccharides (starch) can be promptly degraded in
the rumen ecosystem, full degradation of structural
polysaccharides (i.e. cellulose) and resistant starch is a
longer and more complex process (Huntington, 1997;
Krause et al., 2003). In addition, a number of ruminal
bacteria have been described to be involved in the iso-
merization and saturation of the dietary unsaturated fatty
acids, leading to the sheep milk saturated fat composi-
tion (Huws et al., 2011). Short-chain fatty acids (SCFAs)
are also produced as a consequence of carbohydrate
fermentation. Further, rumen microorganisms and food
residues pass on to the abomasum and the small intes-
tine where food degradation endures by microbial and
host-secreted enzymes. Finally, undigested organic mat-
ter reaches the large intestine where it undergoes the
last digestive processes by the colonic microbial
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population, before water and salt absorption by colonic
mucosa completes the formation of the faecal pellets.
Here, degradation of both resistant starch and ﬁbres is
expected to occur, as in monogastric vertebrates colon,
as well as SCFA production and absorption by the colo-
nic mucosa. A considerable amount of data have been
collected on the composition and functions of sheep
rumen microbiota (Shi et al., 2014; Brilhante et al., 2015;
Morgavi et al., 2015; Zeng et al., 2015), but much less is
currently known on the microbial populations that colo-
nize the large intestine, despite their crucial role in the
sheep intestinal metabolism.
As in other non-ruminant mammalian, including
humans, the microbial population that colonizes the
sheep large intestine is expected to be key in providing
energy, antigens and metabolites that positively affect
host metabolism, physiology and immunity. Basically, a
well-balanced microbiota, with highly diverse taxonomic
content and stability, appears of paramount importance
throughout the whole digestive system, where a bidirec-
tional driving force between microbial metabolic circuits
and mucosal physiology allows to maintain a stable
microbiota and a healthy gut and, consequently, an over-
all healthy and productive organism.
In keeping with these premises, we investigated com-
position and functions of the microbial populations asso-
ciated with the ﬁnal tract of the sheep large intestine,
where the last stage of plant mass digestion occurs with
a signiﬁcant potential contribution to host energy har-
vesting and physiology homeostasis. To reach this aim,
we employed an integrated, multi-omic strategy, compris-
ing 16S rDNA and shotgun metagenomic sequencing, to
unravel microbiota structure and genetic potential, as
well as metaproteomics, to identify and characterize
functions and pathways actively expressed by the sheep
faecal microbial communities.
Results and discussion
Optimization of protocols for DNA extraction and sample
clean-up for the analysis of the sheep faecal microbiota
Stool is a complex sample matrix with regard to DNA
extraction. Sample pretreatment protocols, such as dif-
ferential centrifugation (DC), have been reported to help
bacterial DNA extraction from the faecal matrix (Apa-
jalahti et al., 1998), although direct lysis (DL) of the
microbial matter by chemical or mechanical methods (or
a combination of these) is the most widely applied strat-
egy (Hart et al., 2015; Wagner Mackenzie et al., 2015).
Several substances may be co-extracted having inhibi-
tory effects on downstream analysis, with even massive
inﬂuence on quality of the extracted DNA, and conse-
quently on feasibility and outcome of DNA sequencing.
This is especially key when dealing with stool from
sheep, whose distal colon reduces the faecal water
content up to 65% (Hecker and Grovum, 1975). Here,
we compared ﬁve different sample preparation/extraction
methods from sheep faecal samples and used 16S
rRNA gene ampliﬁcation efﬁciency as a probe to deter-
mine the DNA suitability for downstream metagenomic
analysis. Speciﬁcally, as described in the “Experimental
procedures” section, samples were subjected to DC or
DL; then, DNA was extracted from both preparations
after enzymatic and mechanical lysis with QIAamp Fast
DNA Stool or with the E.Z.N.A. Soil DNA Kit. Finally,
samples were also subjected to DC and then extracted
with the standard phenol/chloroform/isoamyl alcohol
(25:24:1) method.
As a result, the combination of stool DC preparation
followed by DNA extraction and puriﬁcation with the
E.Z.N.A. soil DNA kit, designed to remove with highest
efﬁciency PCR inhibitors, was the only protocol capable
of providing a satisfactory quantity (25  0.28 ng g1
stool sample) and the best quality of extracted DNA
(100% of samples providing a 16S rRNA gene PCR
ampliﬁcation product; data not shown).
Sheep faecal microbiota composition
To assess the faecal microbiota composition in sheep,
we analysed its metagenome, by sequencing the V4
region of the 16S rDNA (V4-MG) and the whole micro-
bial DNA (shotgun metagenomics, S-MG), as well as its
metaproteome (MP), by means of shotgun mass spec-
trometry. These were intended as complementary
approaches, being based on the measurement of differ-
ent molecules (DNA for V4-MG and S-MG, peptides for
MP) with different strategies (targeted for V4-MG, shot-
gun for S-MG and MP). The whole DNA sequencing and
peptide mass spectrometry metrics are presented in
Table S1. Read counts (for MG approaches) and spec-
tral counts (for MP) were used throughout the study to
estimate the relative abundance of the taxonomic and
functional features of the microbiota.
The taxonomic composition of the prokaryotic micro-
biota according to V4-MG, S-MG and MP results is
shown in Fig. 1. As expected, Firmicutes and Bac-
teroidetes made over 80% of total bacteria in all cases.
Moreover, Firmicutes was detected as the most repre-
sented phylum in all animals and with all approaches,
followed by Bacteroidetes (Fig. 1A). However, the aver-
age Firmicutes-to-Bacteroidetes ratio (F/B) ranged from
6.0 for V4-MG down to 1.6 for MP, through 3.4 for
S-MG. The archaeal Euryarchaeota was the ﬁfth,
seventh and third most abundant phylum according to
V4-MG, S-MG and MP data respectively. While Firmicutes
levels were well conserved among individuals (CV
< 10% with all approaches), a higher variation could be
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observed for other important phyla, especially for Acti-
nobacteria and Verrucomicrobia. When comparing our
data with the existing studies reporting a metagenomic
analysis of faecal samples from other ruminants, we
could ﬁnd a general predominance of Firmicutes over
Bacteroidetes in cattle, with Ruminococcaceae and
Lachnospiraceae being the most representative microbial
families of the former phylum (Durso et al., 2010, 2011;
Shanks et al., 2011; Kim et al., 2014), in line with our
results obtained in sheep. Conversely, Bacteroidetes
was the most abundant phylum in the sheep rumen
according to the literature (Castro-Carrera et al., 2014;
de la Fuente et al., 2014; Kittelmann et al., 2015; Lopes
et al., 2015; Morgavi et al., 2015). Consistently, a
marked increase in the F/B ratio from rumen to colon
was recently described in cow (Mao et al., 2015).
Among minor phyla, we found a remarkable amount of
functionally active Spirochaetes, mainly belonging to the
genus Treponema, especially T. saccharophilum, early
described as a large pectinolytic spirochaete present
in the rumen (Paster and Canale-Parola, 1985). This
phylum was recently observed as the fourth most
abundant within the microbiota of the ruminant digestive
tract (Peng et al., 2015).
S-MG and MP approaches also allowed for the identiﬁca-
tion of fungal taxa, accounting for about 0.05% and 1.1% of
the microbiota respectively. Ascomycota was detected in
both cases as the most abundant fungal phylum.
Going down to the family level, 76, 385 and 171 differ-
ent microbial families were detected with V4-MG, S-MG
and MP respectively. Considering the ‘core microbiota’
(i.e. taxa found consistently in all animals analysed), V4-
MG, S-MG and MP analyses led to ﬁnd a total of 45,
168 and 50 microbial families, respectively, of which 19
in common between the three approaches. As shown in
Fig. 1B, Ruminococcaceae, Lachnospiraceae and
Clostridiaceae were consistently found with all
approaches to be the ﬁrst, second and third most abun-
dant family within Firmicutes, respectively, consistent
with previous studies in cows (Durso et al., 2010, 2011;
Shanks et al., 2011; Kim et al., 2014). On the other
hand, bacterial families belonging to Bacteroidetes
exhibited more variable distributions, with Prevotellaceae
becoming the main family overall when considering pro-
tein expression data. Families from other phyla, such as
Spirochaetaceae from Spirochaetes and Verrucomicrobi-
aceae from Verrucomicrobia, were also found among the
top 20 abundant families with all techniques.
Based on our results, V4-MG, S-MG and MP provided
generally comparable taxonomic distributions, with some
slight but important differences, such as the F/B ratio
and the relative abundance of Prevotellaceae. This is
Fig. 1. Taxonomic composition of the sheep faecal prokaryotic microbiota, according to V4-16S rRNA (V4-MG, left), metagenomic (S-MG, cen-
tre) and metaproteomic (MP, right) results. (A) Tukey’s box plot illustrating the microbiota composition at phylum level. The top 10 phyla are
shown, ordered by decreasing mean relative abundance. (B) Tukey’s box plot illustrating the microbiota composition at family level. The top 20
families are shown, grouped based on the relative phylum (A, Actinobacteria; B, Bacteroidetes; E, Euryarchaeota; F, Firmicutes; FB, Fibrobac-
teres; P, Proteobacteria; S, Spirochaetes; V, Verrucomicrobia) and further ordered by decreasing mean relative abundance.
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largely expected when dealing with conceptually and
technically different approaches, as previously outlined.
In addition, microbial taxa bearing a higher number of
16S rRNA genes are expected to be overestimated
when compared with those with a lower number accord-
ing to V4-MG analysis (Vetrovsky and Baldrian, 2013),
and species with smaller genome size are expected to
be underestimated when compared with those with lar-
ger size according to S-MG analysis (Nayfach and Pol-
lard, 2015). As a conﬁrmation, in this work, when
comparing V4-MG and S-MG results, phyla with larger
genomes on average (i.e. Actinobacteria and Proteobac-
teria) reached a higher rank in abundance with S-MG,
while those with smaller genomes (i.e. Verrucomicrobia
and Tenericutes) were more represented with V4-MG. In
addition, it is worth noting that some data analysis-
related biases may considerably inﬂuence comparability
of outputs, such as differences in taxonomic classiﬁca-
tion and update frequency among databases (Green-
Genes versus NCBI).
The complete taxonomic distribution data (also com-
prising class, order and genus levels) for V4-MG, S-MG
and MP are presented in Data S1–S3.
Assessment of functions potentially and actively
expressed by the sheep faecal microbiota
Figure 2A illustrates the 20 most abundant gene and
protein families found upon S-MG and MP analyses
respectively. As explained above, the former data regard
the functional potential of the microbiota, while the latter
represent the key functions actually exerted by the fae-
cal microorganisms. The metagenome was found to be
rich in genes related to membrane transport of mole-
cules (ABC transporter, ATPase, permease, SecA), DNA
replication and repair (helicase, DNA polymerase, topoi-
somerase, MutS), transcription (RNA polymerase), trans-
lation (tRNA synthetases and translation factors) and
protein folding (chaperones), plus a few encoding for
metabolic enzymes. As revealed by MP data, among the
most abundant protein families expressed by the faecal
microbiota, we primarily found functions related to meta-
bolism (eight enzymes), especially carbohydrate degra-
dation, followed by protein synthesis and folding
(translation factor, ribosomal proteins, chaperones). Pro-
tein families involved in transport and signalling, such as
ABC transporters, TonB-dependent receptor, ATPases,
ﬂagellin, were also present. On the whole, 2097 gene
families and 441 protein families were identiﬁed by
S-MG and MP respectively. Considering the ‘core func-
tions’ (i.e. associated with the microbiota of all the ani-
mals analysed), S-MG and MP analyses led to detect a
total of 904 and 191 functional families, respectively, of
which 152 were identiﬁed both as genetic trait and as
expressed proteins (‘core’ protein families are listed in
Table S2).
When considering function–taxonomy combinations at
the phylum level (Fig. 2B), consistently with the sole tax-
onomic information, we found a higher representation of
functions encoded/expressed by Firmicutes, compared
with those encoded/expressed by Bacteroidetes. Accord-
ing to MP data, some functions from other phyla (namely
from Euryarchaeota) were also considerably expressed.
More interestingly, the most represented genes assigned
to Firmicutes according to S-MG results were in most
cases identical to the most represented genes assigned
to Bacteroidetes, whereas, when considering the main
expressed protein functions, several of them were not
overlapping between these two phyla. To further investi-
gate this ‘phylum-speciﬁc’ functional contribution, we
sought for those protein families exclusively and unam-
biguously assigned to a single phylum, and detected in
all samples (42 in total). As shown in Table 1, several
relevant and considerably abundant protein functions
were actually phylum speciﬁc, whereas the 60 phylum-
speciﬁc ‘core’ genes were all detected at very low abun-
dance (Table S3). Among protein functions, we detected
the TonB-dependent receptor as speciﬁc for Bacteroide-
tes, the enzyme 5,10-methylenetetrahydromethanopterin
reductase (Mer) for Euryarchaeota, involved in methano-
genesis, as well as aldehyde oxidoreductase (belonging
to the xanthine dehydrogenase family), formate-tetrahy-
drofolate ligase and carbon monoxide dehydrogenase
(both involved in one-carbon metabolism) for Firmicutes.
Among other expressed protein functions of possible
interest, we can cite ﬂagellins, which mainly belonged to
Firmicutes (from genera such as Clostridium and Seleno-
monas) and Spirochaetes (again, essentially Tre-
ponema). Notably, half of the functionally annotated
Spirochaetes peptides identiﬁed in this study were from
ﬂagellar proteins. In fact, members of this phylum are
known to have long ﬂagella, enclosed in the periplasm
and capable to confer them a unique motility (Wolge-
muth, 2015). Moreover, we were able to identify SASPs
(small, acid-soluble spore proteins), mainly of clostridial
origin, in four of ﬁve samples, indicating the presence of
endospores within the faecal microbiota of these ani-
mals.
As a further consideration, we note that the massive
discrepancy found between S-MG and MP functional
results, which should be mainly attributed to actual (and
largely expected) differences between genetic potential
and protein expression, may also be partially due to
varying sample pretreatment strategies. As stated above,
DNA extraction required DC steps to ensure efﬁcient
PCR ampliﬁcation, while protein extraction was per-
formed on the faecal material as is to avoid artifactual
depletion of food-bound microbes (Tanca et al., 2015).
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Complete data concerning gene and protein families
identiﬁed upon S-MG and MP analyses are presented in
Data S2 and S3 respectively.
Microbial metabolic pathways in sheep gut
Gene and protein functional data were further grouped
based on the UniProt ‘pathway’ annotation. Figure 3A
illustrates the main metabolic pathways potentially and
actively functioning in the sheep faecal microbiota,
according to S-MG and MP data respectively. Several
amino acid, nucleoside and carbohydrate biosynthetic
routes were consistently highly represented both in the
metagenome and in the metaproteome. However, while
most of the main genes-according to S-MG data- were
related to biosynthetic pathways, MP data revealed
catabolic activities of the microbiota as clearly prominent
in terms of active expression and relative abundance.
Furthermore, enzymes involved in methanogenesis were
considerably more abundant than expected, considering
their gene content as assessed by S-MG analysis.
Figure 3B illustrates pathway–taxonomy combinations
at phylum level, revealing that, although the large
majority of pathways covered in the metagenome were
related to Firmicutes, several different phyla do actually
participate in the metabolism at comparable extents,
according to MP results. Phylum-speciﬁc ‘core’ path-
ways could also be identiﬁed, namely 1,2-propanediol
degradation and butanoate metabolism for Firmicutes,
starch degradation for Bacteroidetes and methano-
genesis for Euryarchaeota. Among them, utilization of
1,2-propanediol is usually mediated by a bacterial
microcompartment, in which a multiprotein shell encap-
sulates enzymes and cofactors for 1,2-propanediol cata-
bolism, sequestering the reactive propionaldehyde to
limit its cellular toxicity (Havemann et al., 2002). We
Fig. 2. Functional potential and activity of the sheep faecal microbiota, as measured by metagenomics (S-MG, left) and metaproteomics (MP,
right) respectively. (A) Tukey’s box plot illustrating the 20 most abundant gene (left) and protein families. (B) Tukey’s box plot illustrating the 20
most abundant gene family–phylum (left) and protein family–phylum (right) combinations, grouped based on the relative phylum (B, Bacteroide-
tes; E, Euryarchaeota; F, Firmicutes) and further ordered by decreasing mean relative abundance.
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found considerable amounts of propanediol utilization
protein (PduA) mainly produced by members of Clostri-
dia, in line with recent evidences correlating fucose and
rhamnose metabolism with propanediol utilization micro-
compartments in Clostridium phytofermentans (Petit
et al., 2013). Furthermore, production of butyric acid by
speciﬁc members of Firmicutes has been largely
demonstrated as a key process in the host–microbiota
cross-talk in mammalians, likely related to intestinal
health (Pryde et al., 2002; Hamer et al., 2009; Vital
et al., 2014).
We then focused our attention speciﬁcally on carbon
metabolism and mapped the identiﬁed proteins into the
corresponding KEGG pathway in order to investigate
which microbial players were mainly involved in each
speciﬁc enzymatic step. While glycolytic reactions were
revealed to be carried out in parallel by several different
phyla, Fig. 4 clearly illustrates how other metabolic func-
tions are exerted in a phylum-speciﬁc fashion within the
sheep faecal microbiota. First, these data evidence, as
expected, the unique contribution of Archaea to
methanogenesis. Characterization and monitoring of
methanogenesis in ruminants is receiving growing atten-
tion for zootechnical, environmental and ecological rea-
sons (Kumar et al., 2014; Shi et al., 2014). Moreover,
activity of methanogens in lambs’ caecum, but not in the
rumen, has been reported to be affected by speciﬁc
diets, suggesting a possible compensation of rumen
methane production with caecum methanogenesis
(Popova et al., 2013). In this work, while S-MG led to
detect a minimum amount of archaeal genes, of which
none directly involved in methanogenic reactions, MP
allowed us to reconstruct almost entirely the methano-
genic route (from 5,10-methenyltetrahydromethanopterin
Table 1. Protein families assigned exclusively to a single phylum and detected in all samples, ordered by phylum and then by mean percent-
age abundance.
Protein family Phylum Sheep 1 Sheep 2 Sheep 3 Sheep 4 Sheep 5 Mean
TonB-dependent receptor Bacteroidetes 2.021% 2.036% 1.912% 2.628% 3.400% 2.399%
Group II decarboxylase Bacteroidetes 0.218% 0.375% 0.421% 0.113% 0.174% 0.260%
Ribosomal protein S1P Bacteroidetes 0.273% 0.402% 0.153% 0.188% 0.262% 0.255%
NagA Bacteroidetes 0.109% 0.161% 0.268% 0.188% 0.087% 0.163%
GHMP kinase Bacteroidetes 0.055% 0.161% 0.115% 0.075% 0.174% 0.116%
ExbB/TolQ Bacteroidetes 0.164% 0.054% 0.153% 0.038% 0.131% 0.108%
Class-I fumarase Bacteroidetes 0.164% 0.080% 0.038% 0.075% 0.087% 0.089%
Gfo/Idh/MocA Bacteroidetes 0.055% 0.054% 0.038% 0.038% 0.131% 0.063%
Eukaryotic mitochondrial porin Basidiomycota 0.055% 0.027% 0.076% 0.038% 0.044% 0.048%
RuBisCO large chain Cyanobacteria 0.218% 0.054% 0.191% 0.300% 0.305% 0.214%
Reaction centre PufL/M/PsbA/D Cyanobacteria 0.055% 0.080% 0.115% 0.113% 0.044% 0.081%
Mer Euryarchaeota 1.202% 0.589% 1.262% 1.201% 1.526% 1.156%
[NiFe]/[NiFeSe] hydrogenase large subunit Euryarchaeota 0.546% 0.054% 0.574% 0.488% 1.133% 0.559%
MTD Euryarchaeota 0.164% 0.080% 0.115% 0.225% 0.305% 0.178%
MtrA Euryarchaeota 0.164% 0.080% 0.229% 0.150% 0.262% 0.177%
FrhB Euryarchaeota 0.164% 0.027% 0.115% 0.150% 0.218% 0.135%
Archaeal histone HMF Euryarchaeota 0.109% 0.107% 0.038% 0.075% 0.087% 0.083%
Ribosomal protein L12P Euryarchaeota 0.055% 0.027% 0.076% 0.075% 0.131% 0.073%
N-Me-Phe pilin Fibrobacteres 0.055% 0.027% 0.038% 0.113% 0.087% 0.064%
Xanthine dehydrogenase Firmicutes 2.294% 0.509% 1.033% 0.751% 0.741% 1.065%
Formate–tetrahydrofolate ligase Firmicutes 0.874% 0.589% 0.727% 0.526% 0.567% 0.656%
Ni-containing carbon monoxide dehydrogenase Firmicutes 0.492% 0.509% 0.727% 0.563% 0.349% 0.528%
ETF alpha subunit/FixB Firmicutes 0.492% 0.456% 0.421% 0.638% 0.262% 0.453%
Complex I 51 kDa subunit Firmicutes 0.328% 0.643% 0.459% 0.263% 0.305% 0.400%
FldB/FldC dehydratase beta subunit Firmicutes 0.819% 0.295% 0.306% 0.413% 0.044% 0.375%
Acetyl-CoA hydrolase/transferase Firmicutes 0.328% 0.241% 0.306% 0.263% 0.218% 0.271%
Elongation factor P Firmicutes 0.109% 0.241% 0.268% 0.188% 0.392% 0.240%
Diol/glycerol dehydratase small subunit Firmicutes 0.273% 0.080% 0.153% 0.263% 0.305% 0.215%
Glycosyltransferase 1 Firmicutes 0.109% 0.161% 0.268% 0.150% 0.131% 0.164%
Glycosyl hydrolase 101 Firmicutes 0.055% 0.161% 0.229% 0.150% 0.044% 0.128%
Glyoxalase I Firmicutes 0.164% 0.080% 0.153% 0.150% 0.087% 0.127%
Bacterial solute-binding protein 1 Firmicutes 0.164% 0.107% 0.153% 0.075% 0.131% 0.126%
Acyl-CoA mutase large subunit Firmicutes 0.109% 0.107% 0.115% 0.113% 0.131% 0.115%
Diol/glycerol dehydratase medium subunit Firmicutes 0.109% 0.080% 0.076% 0.150% 0.131% 0.109%
V-ATPase proteolipid subunit Firmicutes 0.164% 0.080% 0.153% 0.038% 0.087% 0.104%
Glutamine synthetase Firmicutes 0.055% 0.080% 0.076% 0.075% 0.131% 0.083%
Aldolase class II Firmicutes 0.055% 0.134% 0.115% 0.038% 0.044% 0.077%
GSP E Firmicutes 0.055% 0.027% 0.038% 0.038% 0.044% 0.040%
Hfq Firmicutes 0.055% 0.027% 0.038% 0.038% 0.044% 0.040%
Peptidase S41A Planctomycetes 0.055% 0.027% 0.038% 0.075% 0.044% 0.048%
Resistance–nodulation–cell division Proteobacteria 0.055% 0.027% 0.038% 0.038% 0.044% 0.040%
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to methane, including those enzymes responsible for
methyl-coenzyme M reduction) in the microbiota of all
animals analysed, and to assign the corresponding enzy-
matic functions to members of Methanobacteriaceae and
Methanocorpusculaceae families, speciﬁcally Methano-
brevibacter ruminantium and Methanocorpusculum labre-
anum respectively. This might be due to a massively
higher amount of enzymes synthesized when compared
with the number of archaeal genes and/or cells, as well
as to greater difﬁculties in co-extraction of archaeal DNA
compared with proteins. It is also important to note that
the presence of publicly available archaeal sequences of
methanogenic genes within the database used for MP
analysis compensated the absence of experimental
metagenomic sequences and allowed for an efﬁcient
peptide identiﬁcation. Furthermore, these results conﬁrm
the ability of metaproteomics to map enzyme expression
for entire pathways, as already described in the case
of methanogens (Kohrs et al., 2014; Gunnigle et al.,
2015).
Moreover, we found that the acetogenic Wood–Ljung-
dahl pathway (from carbon dioxide to acetate, including
the tetrahydrofolate interconversion steps) was entirely
covered by Firmicutes members, mainly Clostridiales.
This pathway is used by acetogens to convert hydrogen
and carbon dioxide into acetic acid, and its key impor-
tance is related to the oxidation of the hydrogen gener-
ated during the fermentation of dietary macromolecules
(Koropatkin et al., 2012). In this study, we were able to
identify all enzymatic players involved in this pathway,
supporting its key relevance within microbial metabolism
in sheep colon. More speciﬁcally, most enzymes
Fig. 3. Metabolic pathway potential and activity of the sheep faecal microbiota, as measured by metagenomics (S-MG, left) and metapro-
teomics (MP, right) respectively. (A) Tukey’s box plot illustrating the 20 most relevant pathways, based on the related gene (left) and protein
(right) abundance. (B) Tukey’s box plot illustrating the 20 most relevant pathway–phylum combinations, based on the related gene (left) and
protein (right) abundance. Pathways are grouped based on the relative phylum (B, Bacteroidetes; E, Euryarchaeota; F, Firmicutes; V, Verru-
comicrobia) and further ordered by decreasing mean relative abundance.
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involved in the tetrahydrofolate interconversion steps
were taxonomically assigned not lower than the phylum
level (always Firmicutes), indicating a high level of con-
servation within the Firmicutes members of the corre-
sponding orthologous enzymes identiﬁed. Conversely,
the key players of the last two reactions (from acetyl-
CoA to acetate, sequentially catalysed by phosphate
acetyltransferase and acetate kinase) could be identiﬁed
as being members of Clostridiales (including Lach-
nospiraceae and Oscillospiraceae), although a few
Fig. 4. Enzymatic functions identiﬁed by metaproteomics and mapped in the KEGG carbon metabolism pathway. Coloured arrows indicate
enzymes detected in all animals, with the colour corresponding to the main phylum to which the function was assigned (red, Bacteroidetes;
blue, Firmicutes; orange, Euryarchaeota; green, Cyanobacteria). Grey arrows indicate enzymes detected in at least one but not all animals, or
not assigned unambiguously to at least one phylum.
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peptides belonged to Bacteroides and Prevotella species
from Bacteroidetes.
Furthermore, Bacteroidales were found to be responsi-
ble for most steps of the tricarboxylic acid cycle, as high-
lighted by a recent work on the effects of diet-induced
obesity on the mouse gut microbiota (Denou et al.,
2016), whereas the enzyme RuBisCo, as expected, was
detected only as expressed by photosynthetic
Cyanobacteria. In addition, one key enzyme in the galac-
tose metabolism, galactokinase, was found associated
with Bacteroidetes members only. This enzyme was
recently demonstrated as essential for a Bacteroides
species to accomplish early colonization of the colonic
microbiota (Yaung et al., 2015).
Lastly, it is worth noting that the phylum-based distri-
bution of the expressed carbon metabolism enzymes
was different from the distribution of the same genes in
the metagenome (Fig. S1), in line with the above-stated
observations.
Focus on glycan import and degradation: ABC
transporters, starch utilization system and glycosyl
hydrolases
We then examined functions responsible for import and
degradation of glycans, in view of the high content in
glycans in the plant-based sheep diet, and to evaluate
the (residual) relevance of such activities in the sheep
colon after the massive digestion of plant material per-
formed in the rumen.
First, we focused on genes and proteins classiﬁed as
ABC transporters, especially those capable of transport-
ing mono- and oligosaccharides, which are listed in
Table 2. These comprise both generic multiple sugar
transport systems, such as msmX (Ferreira and Sa-
Nogueira, 2010), and more speciﬁc transporters,
targeting mono- and disaccharides such as ribose and
maltose (Oldham and Chen, 2011; Clifton et al., 2015).
In most cases, according to both S-MG and MP data,
these functions were related to Firmicutes members
(many different genera belonging to the order Clostridi-
ales), followed by Actinobacteria (mainly Actinomyc-
etales) for S-MG and Spirochaetes (especially
Treponema) for MP.
As mentioned above, a large amount of peptides were
assigned to the Bacteroidetes-speciﬁc TonB-dependent
receptor family, namely to the starch utilization system
(Sus) protein C, essential for complex carbohydrate
degradation in Bacteroidetes (Reeves et al., 1997; Mar-
tens et al., 2009). The Sus proteins are located in the
periplasm and the outer membrane and have the role of
sequentially binding starch to the cell surface, degrading
it into oligosaccharides and ﬁnally transporting the
degradation products into the periplasmic space, where
they are further digested into simpler sugars (e.g. glu-
cose) and imported into the bacterial cell (Koropatkin
et al., 2012). Of note, the percentage of identiﬁed pep-
tides classiﬁed as belonging to the Ton-B-dependent
receptor family was 20-fold higher than the percentage
of the corresponding genes sequenced, indicating a
likely strong expression rate for this gene family.
Finally, we focused our attention on glycosyl hydro-
lases (GHs), because of their key role in degradation of
plant biomass. We detected genes belonging to 56 dif-
ferent GH families in S-MG, of which 28 were found in
all animals (listed in Table S4). The most represented
family was GH 13, mainly composed by alpha amylases,
with 70% of genes belonging to Firmicutes; then, we
found GH 3 (mainly beta-glucosidases, 57% from Firmi-
cutes and 41% from Bacteroidetes), GH 2 (mainly beta-
galactosidases, assigned at 51% to Firmicutes and 44%
to Bacteroidetes) and GH 51 (64% Firmicutes and 31%
Table 2. Carbohydrate ABC transporter genes and proteins identiﬁed in the faecal microbiota of all sheep by metagenomics and metapro-
teomics respectively.
Transported molecules Identiﬁed gene(s) Associated phyla Identiﬁed protein(s) Associated phyla
Aldouronate lplB, lplC Firmicutes lplA Firmicutes
Alpha glucoside aglK aglK Spirochaetes
Arabinogalactan ganQ Firmicutes
Arabinosaccharide araQ Firmicutes
D-Allose alsA
D-Xylose xylG
L-Arabinose araG
Maltose/maltodextrin malK malK Firmicutes
Methyl-galactoside mglA Firmicutes mglB Firmicutes
Multiple mono- and oligosaccharides msmX Firmicutes, Actinobacteria msmX Firmicutes
Multiple oligosaccharides gguA, gguS Firmicutes, Actinobacteria gguS Firmicutes
Myoinositol iatA Firmicutes
Rhamnose rhaT Firmicutes
Ribose/D-xylose rbsA, rbsC Firmicutes, Actinobacteria rbsB Firmicutes
sn-Glycerol-3-phosphate ugpC Firmicutes, Actinobacteria ugpC Firmicutes
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Bacteroidetes). On the other hand, three GH families
were found as expressed by the microbiota of all ani-
mals, according to MP data, namely GH 101 (clostridial
endo-alpha-N-acetylgalactosaminidase), GH 13 (pullu-
lanase from Lachnospiraceae) and GH 94 (cellobiose
phosphorylase, assigned to various phyla). Interestingly,
the relative abundance of GH peptides identiﬁed was
about sixfold lower than that of the corresponding genes
sequenced, indicating a likely poor expression of this
functional gene family, probably because of the relatively
low amount of complex (and still undigested) polysac-
charides that reach the colon after the extensive degra-
dation occurred within the upper tracts of the ruminant
digestive system (Huntington et al., 2006).
Non-microbial components detected in the faecal
material through metaproteomics
The mass spectra generated in this work were also
searched against a ‘generic’ database (without taxo-
nomic ﬁlters towards microbial sequences) to achieve
information about all organisms contained in the faecal
samples. As a result, we found that besides spectra of
microbial origin (about 30% of the total) approximately
45% of spectra were assigned to the host (phylum Chor-
data), while 13% could be attributed to plant material
(with those assigned to Poaceae and Fabaceae families
accounting for about 70% of them). Less than 1% of
detected peptides were classiﬁed as belonging to further
eukaryotic phyla as - in decreasing abundance order ‒
Arthropoda, Mollusca, Nematoda, Annelida (including the
Hirudo genus) and Platyhelminthes (including the Fasci-
ola genus, comprising parasites of the small ruminant
intestine). Even more interestingly, peptides from several
protists known for intestinal tropism in sheep were also
identiﬁed, including the following genera: Entamoeba,
Blastocystis, Andalucia, Giardia and Entodinium, the last
being a ciliate protozoan with a well-known capability to
digest and ferment starch, producing SCFAs (Belzecki
et al., 2013).
In addition, based on S-MG data, we were able to
detect in four animals a few sequences attributed to
Haemonchus (about 0.005% of annotated reads; an
identiﬁed peptide sequence was also assigned to this
genus). Of note, Haemonchus contortus is described as
the most important gastroenteric nematode of sheep in
many regions of the world, causing haemonchosis
(Getachew et al., 2007).
Conclusions
To the best of our knowledge, the results presented in
this study represent the ﬁrst ‘omic’ characterization of
the sheep faecal microbiota to date. The application of a
multi-omic strategy, comprising V4-MG, S-MG and MP
approaches, enabled us to take a comprehensive picture
of both the taxonomic structure and the functional activ-
ity of the microbial communities inhabiting the distal tract
of the ovine digestive system.
Under a taxonomic perspective, with Firmicutes being
the main phylum, the sheep microbiota appeared glob-
ally comparable to that of other ruminants. In functional
terms, we found that the sheep faecal microbiota was
primarily involved in catabolism, and described several
activities responsible for transport and degradation of
carbohydrates. We also identiﬁed several phylum-speci-
ﬁc pathways, such as methanogenesis for Eur-
yarchaeota and acetogenesis for Firmicutes.
Furthermore, our approach provided information regard-
ing the eukaryotic part of the microbiota (e.g. fungi and
protists).
These ﬁndings, and the whole data set provided here,
can be useful for deepening our understanding on orga-
nization and role of the large intestine microbiota in small
ruminants, and pave the way to further studies investi-
gating the relationship between gut microbiota dynamics
and management and dietary variables key for sheep
farming.
Experimental procedures
Animal description and faecal sample collection
Faecal samples were collected from the rectal ampulla
of ﬁve lactating Sarda sheep in November 2012. Contact
with the surrounding environment was minimized by
transferring the faecal material immediately from the rec-
tum to the collection tube. Sheep came from the same
ﬂock, were free-grazing and fed a limited amount of
commercial feed only during milking (max. 400 g per
day) and were apparently healthy. All samples were
immediately stored at 80°C until use. At the time of the
analyses, samples were thawed at 4°C, and from each
of them two stool fragments were collected for DNA and
protein extraction respectively.
DNA sample preparation
Stool samples were subjected to DL or DC as described
earlier (Apajalahti et al., 1998; Tanca et al., 2015).
Brieﬂy, faecal samples (weighing approximately 100 mg
each) were resuspended in PBS and subjected to low-
speed centrifugation to eliminate gross particulate mate-
rial for a total of three rounds. The supernatants were
then centrifuged at 20 000 g for 15 min, and the deriva-
tive pellets were subjected to DNA extraction. DNA
extraction was performed in parallel using two commer-
cial kits, namely the QIAamp Fast DNA Stool Kit (Qia-
gen, Hilden, Germany) and the E.Z.N.A. Soil DNA Kit
ª 2016 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
10 A. Tanca et al.
(Omega Bio-Tek, Norcross, GA, USA), according to the
respective manufacturers’ instructions. DC-pretreated
samples were additionally subjected to DNA extraction
according to the standard phenol/chloroform/isoamyl
alcohol (25:24:1) method.
16S rDNA analysis
Primer design for universal ampliﬁcation of the V4 region
of 16S rDNA was based on a protocol published by
Caporaso and co-workers (Caporaso et al., 2011). PCR
cycling conditions were as follows: 2 min at 94°C; 28
cycles of 30 s at 94°C, 30 s at 55°C, 2 min at 68°C;
ﬁnally, 7 min at 72°C. PCR products were conﬁrmed on
2% agarose gel (Sigma Aldrich, St Louis, MO, USA).
Two separate 16S rRNA gene ampliﬁcation reactions
were performed, pooled together, cleaned up using
AMPure XP (Beckman Coulter, Brea, CA, USA) mag-
netic beads and quantiﬁed with the Qubit HS assay
using the Qubit ﬂuorometer 2.0 (Life Technologies,
Grand Island, NY, USA).
Libraries were constructed according to the Nextera
XT kit (Illumina, San Diego, CA, USA). Sequence-ready
libraries were normalized to ensure equal library repre-
sentation in the pooled samples. DNA sequencing was
performed with the Illumina HiScanSQ sequencer, using
the paired-end method and 93 cycles of sequencing.
The Illumina demultiplexed paired reads were trimmed
for the ﬁrst 20 bp using FASTX, and the sequences with
Nextera adapter contamination were identiﬁed using the
UniVec database (ftp://ftp.ncbi.nlm.nih.gov/pub/UniVec/)
and removed. Therefore, the paired reads with a mini-
mum overlap of eight bases were merged using a speci-
ﬁc QIIME script. OTU generation was performed using a
QIIME pipeline based on USEARCH’s OTU clustering
recommendations (http://www.drive5.com/usearch/man-
ual/otu_clustering.html). Reads were clustered at 97%
identity using UCLUST to produce OTUs (Edgar, 2010).
Taxonomy assignment of resulting OTUs was performed
using the Greengenes 13_8 database (DeSantis et al.,
2006). With taxonomic lineages in hand, OTU tables
were computed using the QIIME 1.9.0 software suite
(Caporaso et al., 2010; Kuczynski et al., 2010). The rela-
tive proportion of read counts was used as a quantitative
estimation of the abundance of each taxon.
Metagenome analysis
Libraries were constructed according to the Nextera XT
kit and sequenced with the HiScanSQ sequencer (both
from Illumina), using the paired-end method and 93
cycles of sequencing.
Read processing was carried out using tools from the
USEARCH suite v.8.1.1861 (Edgar, 2010; Edgar and
Flyvbjerg, 2015), speciﬁcally merging of paired reads
(fastq_mergepairs command, setting parameters as fol-
lows: fastq_truncqual 3, fastq_minovlen 8, fastq_maxdiffs
0) and quality ﬁltering (fastq_ﬁlter command, with
fastq_truncqual 15 and fastq_minlen 100).
Taxonomic annotation was performed using MEGAN
v.5.10 (Huson and Mitra, 2012). Read sequences were
preliminary subjected to DIAMOND (v.0.7.1) search
against the NCBI-nr DB (2014/05 update), using the
blastx command with default parameters (Buchﬁnk et al.,
2015). Then, a lowest common ancestor classiﬁcation
was performed on DIAMOND results using MEGAN with
default parameters.
Functional annotation was accomplished by DIA-
MOND blastx search (e-value threshold 105) against
bacterial sequences from the UniProt/Swiss-Prot data-
base (release 2014_12) and subsequent retrieval of pro-
tein family, KEGG orthologous group and pathway
information associated with each UniProt/Swiss-Prot
accession number (UniProtConsortium, 2015).
The relative proportion of read counts was used as a
quantitative estimation of the abundance of each taxon
or function.
The metagenomic sequence data were deposited in
the European Nucleotide Archive under the Project
Accession Number PRJEB14312.
Protein sample preparation
Stool samples (average weight 356  31 mg) were
resuspended by vortexing in SDS-based extraction buf-
fer and then heated and subjected to a combination of
bead-beating and freeze–thawing steps as detailed else-
where (Tanca et al., 2014).
Protein extracts were subjected to on-ﬁlter reduction,
alkylation and trypsin digestion according to the ﬁlter-
aided sample preparation protocol (Wisniewski et al.,
2009), with slight modiﬁcations detailed elsewhere
(Tanca et al., 2013).
Metaproteome analysis
LC-MS/MS analysis was carried out using an LTQ-Orbi-
trap Velos mass spectrometer (Thermo Scientiﬁc, San
Jose, CA, USA) interfaced with an UltiMate 3000
RSLCnano LC system (Thermo Scientiﬁc). The single-run
1D LC peptide separation was performed as previously
described (Tanca et al., 2014), loading 4 lg of peptide
mixture per each sample and applying a 485 min separa-
tion gradient. The mass spectrometer was set up in a
data-dependent MS/MS mode, with higher-energy colli-
sion dissociation as the fragmentation method, as detailed
elsewhere (Tanca et al., 2013). An average of 69
435  870 spectra were acquired per sample.
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Peptide identiﬁcation was performed using the Pro-
teome Discoverer informatic platform (version 1.4;
Thermo Scientiﬁc), with Sequest-HT as search engine
and Percolator for peptide validation (FDR < 1%).
Search parameters were set as described previously
(Tanca et al., 2014).
Parallel searches were performed using three different
sequence databases. The ﬁrst database was composed
by the metagenomic sequences obtained in this study,
both as raw reads and as assembled contigs (8 595 757
sequences). Paired reads were merged using the script
join_paired_ends.py inside the QIIME package, v.1.9
(Caporaso et al., 2010) with a minimum overlap of 8
base pairs. The output sequences were ﬁltered (with a
fastq_truncqual option = 15) and clustered at 100%
using USEARCH v. 5.2.236 (Edgar, 2010). Read assem-
bly into contigs was carried out using Velvet v.1.2.10
(Zerbino and Birney, 2008), by setting 61 as k-mer
length, 200 as insert length and 300 as minimum contig
length. Open reading frames were found from both reads
and contigs using FragGeneScan v.1.19, with the train-
ing for Illumina sequencing reads with about 0.5% error
rate (Rho et al., 2010).
The second database was a selection of all bacterial,
archaeal, fungal and gut microbiota sequences (79 203
800 sequences in total) from the 2015_02 release of the
UniProtKB database.
The metaproteomic data (regarding the microbial com-
ponent of the faecal material) were obtained by merging
results of searches against the two above-mentioned
databases.
A third database (speciﬁcally, the whole UniProtKB
database, release 2014_12, 89 136 540 sequences)
was ﬁnally employed to achieve information only con-
cerning the non-microbial components of the sheep
microbiota.
The relative proportion of spectral counts (peptide-
spectrum matches) was used as a quantitative estima-
tion of the abundance of each taxon or function.
The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE (Vizcaino et al., 2016) partner repository with the
data set identiﬁer PXD004524.
Taxonomic and functional assignments were per-
formed as described above for metagenome sequences,
except using the DIAMOND blastp command instead of
blastx.
Conﬂict of Interest
None of the authors has any potential conﬂict of interest
to declare.
References
Apajalahti, J.H., Sarkilahti, L.K., Maki, B.R., Heikkinen, J.P.,
Nurminen, P.H., and Holben, W.E. (1998) Effective
recovery of bacterial DNA and percent-guanine-plus-
cytosine-based analysis of community structure in the
gastrointestinal tract of broiler chickens. Appl Environ
Microbiol 64: 4084–4088.
Belzecki, G., Miltko, R., Kwiatkowska, E., and Michalowski,
T. (2013) The ability of rumen ciliates, Eudiplodinium
maggii, Diploplastron afﬁne, and Entodinium caudatum, to
use the murein saccharides. Folia Microbiol (Praha) 58:
463–468.
Brilhante, R.S., Silva, S.T., Castelo-Branco, D.S., Teixeira,
C.E., Borges, L.C., Bittencourt, P.V., et al. (2015) Emer-
gence of azole-resistant Candida albicans in small rumi-
nants. Mycopathologia 180: 277–280.
Buchﬁnk, B., Xie, C., and Huson, D.H. (2015) Fast and sen-
sitive protein alignment using DIAMOND. Nat Methods
12: 59–60.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335–336.
Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons,
D., Lozupone, C.A., Turnbaugh, P.J., et al. (2011) Global
patterns of 16S rRNA diversity at a depth of millions of
sequences per sample. Proc Natl Acad Sci U S A 108
(Suppl 1): 4516–4522.
Castro-Carrera, T., Toral, P.G., Frutos, P., McEwan, N.R.,
Hervas, G., Abecia, L., et al. (2014) Rumen bacterial
community evaluated by 454 pyrosequencing and termi-
nal restriction fragment length polymorphism analyses in
dairy sheep fed marine algae. J Dairy Sci 97: 1661–1669.
Clifton, M.C., Simon, M.J., Erramilli, S.K., Zhang, H., Zait-
seva, J., Hermodson, M.A., and Stauffacher, C.V. (2015)
In vitro reassembly of the ribose ATP-binding cassette
transporter reveals a distinct set of transport complexes. J
Biol Chem 290: 5555–5565.
Denou, E., Marcinko, K., Surette, M.G., Steinberg, G.R.,
and Schertzer, J.D. (2016) High-intensity exercise training
increases the diversity and metabolic capacity of the
mouse distal gut microbiota during diet-induced obesity.
Am J Physiol Endocrinol Metab 310: E982–E993.
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie,
E.L., Keller, K., et al. (2006) Greengenes, a chimera-
checked 16S rRNA gene database and workbench com-
patible with ARB. Appl Environ Microbiol 72: 5069–5072.
Durso, L.M., Harhay, G.P., Smith, T.P., Bono, J.L., Desan-
tis, T.Z., Harhay, D.M., et al. (2010) Animal-to-animal vari-
ation in fecal microbial diversity among beef cattle. Appl
Environ Microbiol 76: 4858–4862.
Durso, L.M., Harhay, G.P., Bono, J.L., and Smith, T.P.
(2011) Virulence-associated and antibiotic resistance
genes of microbial populations in cattle feces analyzed
using a metagenomic approach. J Microbiol Methods 84:
278–282.
Edgar, R.C. (2010) Search and clustering orders of magni-
tude faster than BLAST. Bioinformatics 26: 2460–2461.
ª 2016 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
12 A. Tanca et al.
Edgar, R.C., and Flyvbjerg, H. (2015) Error ﬁltering, pair
assembly and error correction for next-generation
sequencing reads. Bioinformatics 31: 3476–3482.
Ferreira, M.J., and Sa-Nogueira, I. (2010) A multitask
ATPase serving different ABC-type sugar importers in
Bacillus subtilis. J Bacteriol 192: 5312–5318.
de la Fuente, G., Belanche, A., Girwood, S.E., Pinloche, E.,
Wilkinson, T., and Newbold, C.J. (2014) Pros and cons of
ion-torrent next generation sequencing versus terminal
restriction fragment length polymorphism T-RFLP for study-
ing the rumen bacterial community. PLoS ONE 9: e101435.
Getachew, T., Dorchies, P., and Jacquiet, P. (2007) Trends
and challenges in the effective and sustainable control of
Haemonchus contortus infection in sheep. Review. Para-
site 14: 3–14.
Gunnigle, E., Nielsen, J.L., Fuszard, M., Botting, C.H.,
Sheahan, J., O’Flaherty, V., and Abram, F. (2015) Func-
tional responses and adaptation of mesophilic microbial
communities to psychrophilic anaerobic digestion. FEMS
Microbiol Ecol 91: PMID 26507125. DOI: 10.1093/fem-
sec/ﬁv132.
Hamer, H.M., Jonkers, D.M., Bast, A., Vanhoutvin, S.A., Fis-
cher, M.A., Kodde, A., et al. (2009) Butyrate modulates
oxidative stress in the colonic mucosa of healthy humans.
Clin Nutr 28: 88–93.
Hart, M.L., Meyer, A., Johnson, P.J., and Ericsson, A.C.
(2015) Comparative evaluation of DNA extraction meth-
ods from feces of multiple host species for downstream
next-generation sequencing. PLoS ONE 10: e0143334.
Havemann, G.D., Sampson, E.M., and Bobik, T.A. (2002)
PduA is a shell protein of polyhedral organelles involved
in coenzyme B(12)-dependent degradation of 1,2-propa-
nediol in Salmonella enterica serovar typhimurium LT2. J
Bacteriol 184: 1253–1261.
Hecker, J.F., and Grovum, W.L. (1975) Rates of passage of
digesta and water absorption along the larg intestines of
sheep, cows and pigs. Aust J Biol Sci 28: 161–167.
Huntington, G.B. (1997) Starch utilization by ruminants: from
basics to the bunk. J Anim Sci 75: 852–867.
Huntington, G.B., Harmon, D.L., and Richards, C.J. (2006)
Sites, rates, and limits of starch digestion and glucose
metabolism in growing cattle. J Anim Sci 84(Suppl):
E14–E24.
Huson, D.H., and Mitra, S. (2012) Introduction to the analy-
sis of environmental sequences: metagenomics with
MEGAN. Methods Mol Biol 856: 415–429.
Huws, S.A., Kim, E.J., Lee, M.R., Scott, M.B., Tweed, J.K.,
Pinloche, E., et al. (2011) As yet uncultured bacteria phy-
logenetically classiﬁed as Prevotella, Lachnospiraceae
incertae sedis and unclassiﬁed Bacteroidales, Clostridi-
ales and Ruminococcaceae may play a predominant role
in ruminal biohydrogenation. Environ Microbiol 13: 1500–
1512.
Kim, M., Kim, J., Kuehn, L.A., Bono, J.L., Berry, E.D., Kal-
chayanand, N., et al. (2014) Investigation of bacterial
diversity in the feces of cattle fed different diets. J Anim
Sci 92: 683–694.
Kittelmann, S., Kirk, M.R., Jonker, A., McCulloch, A., and
Janssen, P.H. (2015) Buccal swabbing as a noninvasive
method to determine bacterial, archaeal, and eukaryotic
microbial community structures in the rumen. Appl
Environ Microbiol 81: 7470–7483.
Kohrs, F., Heyer, R., Magnussen, A., Benndorf, D., Muth,
T., Behne, A., et al. (2014) Sample prefractionation with
liquid isoelectric focusing enables in depth microbial
metaproteome analysis of mesophilic and thermophilic
biogas plants. Anaerobe 29: 59–67.
Koropatkin, N.M., Cameron, E.A., and Martens, E.C. (2012)
How glycan metabolism shapes the human gut micro-
biota. Nat Rev Microbiol 10: 323–335.
Krause, D.O., Denman, S.E., Mackie, R.I., Morrison, M.,
Rae, A.L., Attwood, G.T., and McSweeney, C.S. (2003)
Opportunities to improve ﬁber degradation in the rumen:
microbiology, ecology, and genomics. FEMS Microbiol
Rev 27: 663–693.
Kuczynski, J., Costello, E.K., Nemergut, D.R., Zaneveld, J.,
Lauber, C.L., Knights, D., et al. (2010) Direct sequencing
of the human microbiome readily reveals community dif-
ferences. Genome Biol 11: 210.
Kumar, S., Choudhury, P.K., Carro, M.D., Grifﬁth, G.W.,
Dagar, S.S., Puniya, M., et al. (2014) New aspects and
strategies for methane mitigation from ruminants. Appl
Microbiol Biotechnol 98: 31–44.
Lopes, L.D., de Souza Lima, A.O., Taketani, R.G., Darias,
P., da Silva, L.R., Romagnoli, E.M., et al. (2015) Explor-
ing the sheep rumen microbiome for carbohydrate-active
enzymes. Antonie Van Leeuwenhoek 108: 15–30.
Mao, S., Zhang, M., Liu, J., and Zhu, W. (2015) Characteris-
ing the bacterial microbiota across the gastrointestinal
tracts of dairy cattle: membership and potential function.
Sci Rep 5: 16116.
Martens, E.C., Koropatkin, N.M., Smith, T.J., and Gordon,
J.I. (2009) Complex glycan catabolism by the human gut
microbiota: the Bacteroidetes Sus-like paradigm. J Biol
Chem 284: 24673–24677.
Morgavi, D.P., Rathahao-Paris, E., Popova, M., Boccard, J.,
Nielsen, K.F., and Boudra, H. (2015) Rumen microbial
communities inﬂuence metabolic phenotypes in lambs.
Front Microbiol 6: 1060.
Nayfach, S., and Pollard, K.S. (2015) Average genome size
estimation improves comparative metagenomics and
sheds light on the functional ecology of the human micro-
biome. Genome Biol 16: 51.
Oldham, M.L., and Chen, J. (2011) Crystal structure of the
maltose transporter in a pretranslocation intermediate
state. Science 332: 1202–1205.
Paster, B.J., and Canale-Parola, E. (1985) Treponema sac-
charophilum sp. nov., a large pectinolytic spirochete from
the bovine rumen. Appl Environ Microbiol 50: 212–219.
Peng, S., Yin, J., Liu, X., Jia, B., Chang, Z., Lu, H., et al.
(2015) First insights into the microbial diversity in the
omasum and reticulum of bovine using Illumina sequenc-
ing. J Appl Genet 56: 393–401.
Petit, E., LaTouf, W.G., Coppi, M.V., Warnick, T.A., Currie,
D., Romashko, I., et al. (2013) Involvement of a bacterial
microcompartment in the metabolism of fucose and rham-
nose by Clostridium phytofermentans. PLoS ONE 8:
e54337.
Popova, M., Morgavi, D.P., and Martin, C. (2013) Methano-
gens and methanogenesis in the rumens and ceca of
ª 2016 The Authors. Microbial Biotechnology published by John Wiley & Sons Ltd and Society for Applied Microbiology.
The sheep faecal microbiota 13
lambs fed two different high-grain-content diets. Appl
Environ Microbiol 79: 1777–1786.
Pryde, S.E., Duncan, S.H., Hold, G.L., Stewart, C.S., and
Flint, H.J. (2002) The microbiology of butyrate formation
in the human colon. FEMS Microbiol Lett 217: 133–139.
Reeves, A.R., Wang, G.R., and Salyers, A.A. (1997) Char-
acterization of four outer membrane proteins that play a
role in utilization of starch by Bacteroides thetaiotaomi-
cron. J Bacteriol 179: 643–649.
Rho, M., Tang, H., and Ye, Y. (2010) FragGeneScan: pre-
dicting genes in short and error-prone reads. Nucleic
Acids Res 38: e191.
Shanks, O.C., Kelty, C.A., Archibeque, S., Jenkins, M.,
Newton, R.J., McLellan, S.L., et al. (2011) Community
structures of fecal bacteria in cattle from different animal
feeding operations. Appl Environ Microbiol 77: 2992–
3001.
Shi, W., Moon, C.D., Leahy, S.C., Kang, D., Froula, J., Kit-
telmann, S., et al. (2014) Methane yield phenotypes
linked to differential gene expression in the sheep rumen
microbiome. Genome Res 24: 1517–1525.
Tanca, A., Biosa, G., Pagnozzi, D., Addis, M.F., and Uzzau,
S. (2013) Comparison of detergent-based sample prepa-
ration workﬂows for LTQ-Orbitrap analysis of the Escheri-
chia coli proteome. Proteomics 13: 2597–2607.
Tanca, A., Palomba, A., Pisanu, S., Deligios, M., Fraumene,
C., Manghina, V., et al. (2014) A straightforward and efﬁ-
cient analytical pipeline for metaproteome characteriza-
tion. Microbiome 2: 49.
Tanca, A., Palomba, A., Pisanu, S., Addis, M.F., and Uzzau,
S. (2015) Enrichment or depletion? The impact of stool
pretreatment on metaproteomic characterization of the
human gut microbiota. Proteomics 15: 3474–3485.
UniProtConsortium (2015) UniProt: a hub for protein infor-
mation. Nucleic Acids Res 43: D204–D212.
Vetrovsky, T., and Baldrian, P. (2013) The variability of the
16S rRNA gene in bacterial genomes and its consequences
for bacterial community analyses. PLoS ONE 8: e57923.
Vital, M., Howe, A.C., and Tiedje, J.M. (2014) Revealing the
bacterial butyrate synthesis pathways by analyzing (meta)
genomic data. mBio 5: e00889.
Vizcaino, J.A., Csordas, A., Del-Toro, N., Dianes, J.A.,
Griss, J., Lavidas, I., et al. (2016) 2016 update of the
PRIDE database and its related tools. Nucleic Acids Res
44: D447–D456.
Wagner Mackenzie, B., Waite, D.W., and Taylor, M.W.
(2015) Evaluating variation in human gut microbiota pro-
ﬁles due to DNA extraction method and inter-subject dif-
ferences. Front Microbiol 6: 130.
Wisniewski, J.R., Zougman, A., Nagaraj, N., and Mann, M.
(2009) Universal sample preparation method for proteome
analysis. Nat Methods 6: 359–362.
Wolgemuth, C.W. (2015) Flagellar motility of the pathogenic
spirochetes. Semin Cell Dev Biol 46: 104–112.
Yaung, S.J., Deng, L., Li, N., Braff, J.L., Church, G.M., Bry,
L., et al. (2015) Improving microbial ﬁtness in the mam-
malian gut by in vivo temporal functional metagenomics.
Mol Syst Biol 11: 788.
Zeng, Y., Zeng, D., Zhang, Y., Ni, X., Tang, Y., Zhu, H.,
et al. (2015) Characterization of the cellulolytic bacteria
communities along the gastrointestinal tract of Chinese
Mongolian sheep by using PCR-DGGE and real-time
PCR analysis. World J Microbiol Biotechnol 31: 1103–
1113.
Zerbino, D.R., and Birney, E. (2008) Velvet: algorithms for
de novo short read assembly using de Bruijn graphs.
Genome Res 18: 821–829.
Supporting information
Additional Supporting Information may be found online in
the supporting information tab for this article:
Fig. S1. Enzymatic functions identiﬁed by shotgun metage-
nomics and mapped in the KEGG carbon metabolism path-
way. Coloured arrows indicate enzymes detected in all
animals, with the colour corresponding to the main phylum
to which the function was assigned (red, Bacteroidetes;
blue, Firmicutes; brown, Actinobacteria). Grey arrows indi-
cate enzymes detected in at least one but not all animals,
or not assigned unambiguously to at least one phylum.
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nomic/functional annotation metrics.
Table S2. Protein families detected in all animals by
metaproteomics.
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mals by shotgun metagenomics.
Data S1. 16S/V4 rDNA sequencing data, aggregated at dif-
ferent levels (OTU, phylum, class, order, family, genus).
Data S2. Shotgun metagenomics data, aggregated at differ-
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according to different functional categories (KOG, gene fam-
ily, pathway) and based on a combined functional–taxo-
nomic classiﬁcation (gene family + phylum, pathway +
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Data S3. Metaproteomics data, aggregated at different taxo-
nomic levels (phylum, class, order, family, genus), according
to different functional categories (KOG, protein family, path-
way) and based on a combined functional–taxonomic classi-
ﬁcation (protein family + phylum, pathway + phylum).
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